From the nineties, ultrashort laser pulses have been used for precise micromachining of dielectric materials due to the deterministic nature of the ionization mechanisms that mediate their energy coupling. 1, 2 The extremely high power density achieved at the focal spot ($10 TW/cm 2 ) triggers the generation of a dense electron plasma via strong field ionization (i.e., multi-photon and tunnel ionization) while the laser pulse is present ($100 fs). 3, 4 Afterwards, at the picosecond time-scale, the plasma energy is deposited into the glass network via electron-phonon interactions, among other mechanisms, which features a reduced heat affected zone. [5] [6] [7] [8] The advantages inherent to femtosecond (fs) laser pulses make them an ideal tool for fabricating optical waveguides inside glasses via direct laser writing. [9] [10] [11] [12] The effect of the laser processing parameters such as pulse duration, polarization, pulse energy, writing speed, and repetition rate has been thoroughly investigated and extensively reported in the literature for a variety of glasses with different compositions. [12] [13] [14] [15] [16] Furthermore, the use of laser beam shaping techniques has been exploited (a) to find potential advantages for laser micromachining and (b) to study the influence of the temporal and spatial distribution of the laser on the balance of the ionization mechanisms. 17, 18 However, the influence of the laser wavelength on the fabrication of optical waveguides has not been fully understood nor systematically investigated, although several commercially available laser wavelengths and their frequency doubled counterparts have been independently used for direct laser writing. [7] [8] [9] [10] [11] [12] [13] [14] [15] In this letter, the impact of the laser wavelength on the spatial features of laser-inscribed waveguides and tracks of damage in fused silica is studied. Laser waveguide writing experiments were performed with laser wavelengths from UV to near-infrared (NIR), attained using an optical parametric amplifier. A theoretical framework is presented using strong field ionization (SFI) and multiple rate equations (MRE) method.
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The experimental results and their correspondence with numerical simulations are discussed.
Femtosecond waveguide writing in fused silica (7980 Corning) was carried out using laser wavelengths of 400, 800, 1100, 1200, 1300, and 1400 nm. The glass sample was polished to achieve high optical quality ($k/10) by using an industrial polishing machine (Strasbaugh, Inc, 6DE-DC-1). The laser source used for the experiments was a regenerative amplifier (Spitfire LCX, Spectra-Physics). This system delivers ultrashort Fourier-limited pulses of 200 fs pulse duration at a wavelength of 800 nm with a repetition rate of 1 kHz. A commercial ultrafast OPA-800F (Spectra-Physics) was used for generating wavelengths between 1100 and 1400 nm. The 400 nm wavelength was obtained through second harmonic generation of the 800 nm beam in a BBO (beta-bariumborate) crystal.
The direct laser writing setup allows for diverse operation modes: laser longitudinal line inscription, optical microscopy, and waveguide near and far-field profile imaging. The laser beam passes through an energy control system (k/2 wave-plate plus a polarizer) and through a confocal layout for mode cleaning (f ¼ 500 mm, 150 lm aperture). The laser line inscription is then carried out by focusing the laser beam inside the glass sample (thickness ¼ 2 cm), using an infinity corrected microscope objective (ELWD Nikon LU Plan, NA ¼ 0.55, working distance ¼ 10.1 mm), while it is translated at a constant speed (50 lm/s) using an air-bearing scan stage (AerotechFG1000). The laser longitudinal line inscription starts at the maximum depth allowed by the objective lens and continues until the focused beam is 300 lm from the sample surface; at that point the beam is blocked using a mechanical shutter in order to prevent surface ablation. Therefore, the input facet of a written-line is produced at a writing depth of 300 lm. An in-situ microscope a)
Authors to whom correspondence should be addressed. Electronic addresses: j.hernandezrueda@uu.nl and dmkrol@ucdavis.edu provides a first assessment of the laser-inscribed lines and their potential to operate as waveguides. The far and near field profiles were imaged with the same optical arrangement by coupling a CW-laser at 660 nm to the waveguides. 10, 15 Figure 1 shows a set of micrographs of the transverse cross section of the input facet of the inscribed lines for three representative wavelengths. The images feature three processing regimes, namely, unmodified material ( Fig. 1(c) ), smooth optical changes (Figs. 1(a), 1(b), 1(f), and 1(i)), and damaged material (Figs. 1(d), 1(e), 1(g), and 1(h)). Their circular appearance is due to the use of longitudinal writing, which was used in order to avoid the laser beam distortion and the loss of laser energy inherent to spherical aberration (SA) and slit shaping technique during perpendicular writing. 23 Waveguiding operation is experimentally found (and verified by measuring the near field, see Fig. 1(a) ) for the energy range where smooth optical modifications are produced and positive refractive index change is achieved. The refractive index change of the waveguides was characterized by measuring the far field profiles of the guided modes at 660 nm. In this way, the diameter D of the far field distribution (fitting the far field using a Gaussian function) was measured at a distance L from the output facet of the waveguide (see Refs. 10 and 15 for a detailed explanation). The maximum refractive index increase ranges from Dn/n % 1 Â 10 À3 to 4 Â 10
À4
. The results are summarized in Table I . Here, three main observations can be extracted. First, the thresholds (both for damage and smooth changes) increase with the laser wavelength. Second, the lateral size of the machined lines decreases drastically when shorter laser wavelengths are utilized. Finally, for wavelengths up to 1100 nm, the range of energies where waveguides can be produced is broader for larger wavelengths also displaying a slightly increasing refractive index change.
The input facets of the inscribed lines were further inspected by using Raman confocal microscopy (CW-laser at k ¼ 473 nm, MO: NA ¼ 0.5 and 100 lm pinhole) 24 in order to characterize the laser-induced structural modifications. Figure 2 (a) illustrates the Raman spectrum of non-processed fused silica normalized to the 445 cm À1 peak, where the Raman bands at 605 cm À1 and 490 cm À1 are, respectively, related to the breathing modes from 3-and 4-membered Si-O ring structures inside the glass network. The inset in Figure 2 (b) shows a false color map of the relative increase of the 605 cm À1 Raman band of the laser-modified cross-section shown in the optical micrograph on the left. Note that the l-Raman maps further validate the spatial dimensions of the lines that are obtained from the optical micrographs. The graph in Figure 2 (b) presents the highest laser-induced structural change, of the 605 cm À1 Raman band intensity with respect to the 445 cm À1 peak (DI 605 ), as a function of the laser energy for two representative wavelengths. The DI 605 change increases with the laser energy, indicating an increase in the relative amount of 3-membered Si-O ring structures in the glass network of the laser processed region. This is in good agreement with previously reported results by our research group, where a growth of the area under the 605 cm À1 band was also observed for increasing laser pulse energies for laser pulses at 800 nm. 24, 25 As discussed in detail in previous work, 25, 26 only moderate changes in the network structure (and thus in DI 605 ) yield good waveguides, whereas more severe structural changes are associated with optical damage. For longer wavelengths, there is a wider range of laser pulse energies that result in moderate structural changes, consistent with the results reported in Table I .
In order to understand the observed behavior in terms of the transversal size of the written lines, we need to consider changes in the laser spot size as well as changes in the nonlinear ionization process as a function of wavelength. The laser beam waist of a focused Gaussian beam is given by w o ¼ k/pNA, where k is the wavelength and NA the numerical aperture of the focusing optics. The spatial intensity distribution of the laser is given by The experimental 1/e 2 radius was retrieved by fitting the averaged radial profiles in Fig. 1 to a Gaussian function.
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where I o is the peak intensity and z r stands for the well-known Rayleigh range. Figure 3 (a) illustrates 2D-maps of the spatial intensity distribution inside fused silica, calculated using representative experimental conditions, namely, focusing optics (NA ¼ 0.55) and laser parameters (I o ¼ 8 Â 10 13 W/cm 2 , k 1 ¼ 1200 nm, k 2 ¼ 800 nm, and k 3 ¼ 400 nm). The calculated maps show that the focal volume decreases for shorter wavelengths. Hence, for a given laser peak intensity, I o , the alteration of the spatial distribution leads to different local intensities. This ultimately affects the way the laser energy is coupled through SFI and the extension of the laser-affected volume.
The maps in Fig. 3(b) present the intensity distribution of a tightly focused Gaussian beam in the presence of a refractive index mismatch (air-glass interface), which generates SA. The electric field distribution is calculated using the diffraction integral derived by T€ or€ ok et al. for a Gaussian laser beam. 27 For the calculation, we have used the focusing depth (300 lm) at which the experimental diameters of the laser-inscribed lines are characterized in Fig. 1 . These maps show how the focal volume suffers an elongation along the laser propagation axis (also the writing direction) due to SA. The insets in Figs. 3(a) and 3(b) present the lateral crosssection (yellow lines) of the laser intensity for the z position where the peak intensity is achieved. The lateral distributions show a moderate increase, which also causes a decrease in the maximum peak power achieved. Therefore, the intensity distributions affected by SA will be used for the simulation of the transversal size of the laser-inscribed lines. The values of the 1/e 2 beam waist considering the effect of SA, w o (SA) are shown in Table II .
To calculate the size of the laser-modified volume, it is necessary to set a criterion for modification. In this work, we hypothesize that the material will be modified when the laser-generated electron density exceeds a specific value, n e ($10 21 cm
À3
). 16, [28] [29] [30] [31] [32] Electrons are initially excited through nonlinear photo-ionization. The photo-ionization rate W SFI can be calculated using the Keldysh formalism 19, 20, 33 
where x L stands for the laser frequency, U g for the bandgap (U g0 ¼ 9 eV for fused silica), E L is the electric field strength of the laser, K ci and E ci denote the complete elliptic integral of the first and second kind, m and e are the reduced mass and the charge of the electron, c is the Keldysh parameter, and U is the Dawson integral. Figure 3(c) shows the ionization rate (W SFI ) curves as a function of the laser intensity calculated by using formulas (2)- (5). For a given intensity value, the graphs illustrate significantly higher peak ionization rates for shorter laser wavelengths. However, SFI is not the only process by which the laser energy is absorbed or free carriers are created. An electron, excited via SFI, can increase its energy through a succession of single-photon absorption events (inverse bremsstrahlung). When the electron energy reaches an energy of U g , it can ionize an electron in the valence band via impact ionization. The number of photons that the avalanche ionization (AI) process requires is given by k ¼ dU g / hx L e. Note that k is thus also wavelength dependent. We have calculated the total electron density using Rethfeld's multiple rate equation (MRE) method. 22 In this method, the conduction band is modeled as a set of discrete energy levels with an energy spacing equal to the photon energy hx L . Initially, the lowest level is populated by SFI, and subsequent levels are coupled by one photon absorption. The population in the highest level is coupled to the lowest level describing the process of impact ionization. The equations for the electron populations in the conduction band are given by
where a is the avalanche ionization coefficient and W 1pt is the one photon absorption coefficient (Table II) . The density required for producing smooth optical modifications inside fused silica has been reported to be n e % 10 21 cm
. 16, [28] [29] [30] [31] [32] In this letter, we target such density value in order to find the required input laser intensity. The wavelength dependent rates W SFI (k) 33 and W 1pt (k) 17, 22 and the material properties of fused silica (U g0 ¼ 9 eV, n(k)) were used for these simulations. The SFI rate curves were calculated by using the Keldysh formalism. The maximum number of equations, k þ 1, is calculated for the peak electric field of the laser. However, U g is updated dynamically. Thus, for the simulations, the conduction band level in which the avalanche ionization coefficient (a ¼ 1 fs
À1
) is located at certain time iteration is shifted depending on U g (E L (t)). Figure 4 shows the electron density as a function of time, where the same final target density (10 21 cm
À3
) is achieved using different laser intensities for each wavelength (see Table II ). The influence of the wavelength on the electron density, through W SFI (k) and W 1pt (k), can be appreciated in the balance of the ionization mechanisms. Although the four curves achieve the same maximum n e , the relative AI contribution for longer wavelengths (i.e., 1200 nm) is considerably higher (MRE patterned grey area) than for their shorter counterparts. This type of ionization-mechanism-detuning effect and its influence on the permanent material modifications have been analogously observed using temporal pulse shaping for NIR wavelengths. 17, [34] [35] [36] Our calculations yield values for the local intensities that are needed to reach the target electron density. We also know the laser intensity distributions I(r,z,k) for the actual experimental parameters (1 lJ, NA ¼ 0.55, k ¼ 400, 800, 1100, 1200 nm) calculated considering the experimental writing depth (300 lm).
27 From these distributions, we can determine the diameter of the area where the target e À density is exceeded (see Table II ). To focus on the wavelength dependence rather than the absolute values, the graph in Figure 5 presents the diameter ratio with respect to the diameter at 400 nm (d k /d 400 nm ). The grey area accounts for the range of diameter ratios achieved when the density of the electron plasma reaches values between 1 Â 10 21 and 4 Â 10 22 cm
, which have been calculated using the MRE method and considering the effect of SA. The red circles underneath indicate ratios where the calculations are carried out using SFI-only. It illustrates the necessity to use a description of the laser energy deposition where AI, SFI, and inverse bremsstrahlung are taken into account. Overall, the experimentally measured d k /d 400 nm trend shows good agreement with the numerical simulations obtained using MRE and considering the impact of the writing depth.
In conclusion, this letter investigates the role of the laser wavelength during direct laser writing inside fused silica. The fabrication of waveguides and tracks of damage have been demonstrated using laser wavelengths from UV to NIR. Shorter wavelengths lead to smaller laser-written spatial features, lower thresholds, and a narrower energy range for fabricating waveguides. The simulation of the electron plasma density dynamics, via MRE, exhibits a lower implication of SFI compared with AI and inverse bremsstrahlung when using NIR laser wavelengths. The experimentally and numerically attained diameters of the laser-affected zone have been compared, showing excellent agreement. 
